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Abstract
Evaluation of Pulse Oximetry as a Screen for Critical Congenital Heart Disease in
Newborns. Rachel E. Klausner, Eugene D. Shapiro, Robert W. Elder, Eve Colson and
Jaspreet Loyal. Department of Pediatrics, Yale University, School of Medicine, New
Haven, CT.
The objective of this study was to report the results of and identify problems with
a screening program using differential pulse oximetry (POx) to detect critical congenital
heart disease (CCHD) in newborns. Charts of all infants born at four Yale New Haven
Health hospitals in Connecticut between January 1 and December 31, 2014 were reviewed.
Of 10,589 newborns, 171 (1.6%) underwent an echocardiogram before screening, 10,320
(97.5%) were screened by POx, and 98 (0.9%) were not screened. Of thirteen newborns
(0.1%) diagnosed with CCHD, eleven (85%) were suspected of having CCHD on the basis
of prenatal ultrasound, 1 (8%) was diagnosed due to clinical concern prior to screening,
and 1 (8%) had a negative screening result but was subsequently diagnosed by
echocardiogram following auscultation of a murmur. No infants with CCHD were
identified through POx screening (POxS) alone. Four infants with a positive POx screen
showed noncritical cardiac lesions by echocardiogram. The majority of infants were
screened within the recommended 24 to 72 hours of life and had screens that were
interpreted and documented correctly. Of 10,316 infants with negative POx screens, 52.1%
remained in the Yale New Haven Health system at 1 year of age and no CCHD lesions
were listed in their charts. Although a CCHD screening program was effectively
implemented, perhaps due to high antenatal detection rates (85%), POxS did not lead to a
substantial increase in the early identification of CCHDs in our hospital system.
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1
Introduction
Congenital heart disease (CHD) is the most common type of birth defect, with an
estimated incidence of 8 to 9 cases per 1,000 births.1-4 Approximately 25% of children with
CHD have critical CHD (CCHD), a structural defect associated with significant risk of
morbidity and mortality that requires surgical or catheter intervention before one year of
age.5,6 Prior to the widespread introduction of CCHD screening, it was estimated that up to
one-third of infants with a potentially life threatening CCHD lesion left the hospital
undiagnosed.2,7-10 It has been shown that infants with CCHD who receive a delayed
diagnosis have significantly higher mortality than those recognized prior to hospital
discharge, with up to 40% presenting in cardiogenic shock and resulting in the deaths of
70-100 infants annually.7,11,12 These data underscore the importance of early recognition of
CCHD in neonates.
Pulse oximetry (POx) is a noninvasive painless test that estimates the percentage of
oxygenated hemoglobin in the blood, and is now used as a screening test for CCHD.5,13
The test is performed by comparing POx readings before and after the insertion of the
ductus arteriosus into the aorta, typically on the right hand and either foot.14 If the screening
result is positive, an echocardiogram is performed as a confirmatory test.5 POx screening
(POxS) is expected to primarily detect lesions associated with hypoxemia due to right to
left shunting of deoxygenated blood, such as hypoplastic left heart syndrome, pulmonary
atresia, tetralogy of Fallot, total anomalous pulmonary venous return, dextro-transposition
of the great arteries, tricuspid atresia, and truncus arteriosus.5,15 Other CCHD lesions have
been established as secondary targets due to their less consistent association with
hypoxemia, and thus less reliable detection rates by POxS.5 These secondary targets
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include coarctation of the aorta (CoA), double outlet right ventricle, Ebstein anomaly,
interrupted aortic arch, severe pulmonary or tricuspid valve stenosis, and single ventricle
complex.5,15
In September of 2011, following a recommendation by the Secretary’s Advisory
Committee on Heritable Disorders in Newborns, the US Secretary of Health and Human
Services added POxS for CCHD to the Recommended Uniform Screening Panel for all
newborns.16 Subsequently, the American Academy of Pediatrics (AAP) endorsed this
recommendation in December of 2011.13 In May of 2012, the State of Connecticut passed
legislation requiring hospitals to screen all infants for CCHD.17 The legislation allows for
individual hospital discretion over the type of testing to be used. CCHD screening results
are not reportable to the Connecticut Department of Health, but hospitals may be audited
in the event of a concern or during a routine onsite visit.17 As a result of this mandatory
legislation, a screening program was developed for CCHD for all newborns in the Yale
New Haven Health (YNHH) system. As of 2014, this included infants born at Bridgeport
Hospital, Greenwich Hospital and both the York Street and St. Raphael Campuses of Yale
New Haven Hospital. The York Street Campus is the main academic hospital; the other
three are community hospitals. The YNHH York Street Campus, Greenwich Hospital and
Bridgeport Hospital have pediatric cardiology staff available. Infants born at the St.
Raphael Campus who require specialist evaluation would be transferred to the York Street
Campus, less than one mile away.
The YNHH screening protocol (Fig. 1) was adapted from an evidence-based
algorithm proposed by the AAP, which is the basis for most screening protocols in
newborns across the country.13,18 Per our protocol, POx readings were taken in the right
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Figure 1: YNHH CCHD screening algorithm adapted from the American Academy
of Pediatrics.18 R, right.
hand and one foot. A screening result is considered negative (pass) if an infant has ³95%
in either the right hand or one foot and a <4% difference between readings. These infants
are considered low risk for CCHD, and thus receive normal newborn care. A positive
screen (fail) is considered <90% in either the right hand or foot. These infants proceed to
immediate evaluation by echocardiography. A screening result is considered borderline if
the oxygen saturations in both the right hand and one foot are 90-94% or if there is a ³4%
difference between the two readings. These infants are re-evaluated in one hour. Three
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consecutive borderline results are considered a failed screen, and these infants proceed to
evaluation. It should be noted that the AAP algorithm is intended for use in screening full
term infants in the well nursery.18 However, due to state legislation and the lack of
published guidelines, this protocol is used in our neonatal intensive care unit (NICU) as
well.
In the YNHH CCHD screening protocol, CCHD screening is considered complete
if the infant receives either POxS or an echocardiogram prior to hospital discharge. Infants
are eligible for POxS once they are older than 24 hours of age and not receiving
supplemental oxygen. It is recommended that POxS is performed after 24 hours of life to
limit false positives associated with normal variation in blood oxygen levels during the
newborn transition period.5,8,19 It is also recommended that screening is performed prior to
72 hours to limit morbidity associated with delayed diagnosis of CCHD lesions.8 This is
particularly important for infants with lesions that depend on a patent ductus arteriosus to
maintain pulmonary circulation, since closure of the ductus could result in circulatory
collapse. For each infant who undergoes CCHD screening by POxS at YNHH, minimum
documentation in the electronic medical record includes age at time of screening (hours),
pre-ductal and post-ductal oxygen saturation (%), interpretation of the result (positive;
negative; borderline, repeat in 1 hour), and follow-up of any positive or borderline result.
When the test is performed by comparing saturations between the right hand and
either foot, POxS has been shown to have excellent specificity (0.05%) and moderate
sensitivity, averaging around 76%.20,21 The sensitivity of the screen has been shown to vary
widely with the type of CCHD lesion (36-100%), with a substantial number of falsenegatives occurring primarily among secondary targets of the screen.7,14,20-22 Though the
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false positive rate is low in term newborns, it has been shown to be higher in certain
populations, including preterm infants and those born at high altitudes.19,23-25 In addition,
the rates of detection may vary with the proportion of infants with previously unidentified
CCHD, suggesting that the incremental benefit of POxS may be lower in settings with
higher antenatal detection rates.6,26,27
Screening with POx in asymptomatic newborns has been shown to reduce the
diagnostic gap that is left by prenatal ultrasound and physical exam alone, and has been
shown to increase early diagnosis of CCHD by up to 30%.20,28-30 A recent study by Abouk
et al. revealed that the implementation of mandatory screening has been associated with a
33.4% reduction in deaths due to critical congenital heart disease, translating to an absolute
decline of 3.9 deaths per 100,000 births.31 This increase in early detection has also been
predicted to achieve diagnosis prior to significant physiologic compromise for an
additional 900-1,100 infants per year.20,32 Given that hypoxia and hypoperfusion associated
with cardiovascular collapse have been associated with worse outcomes, POxS has the
potential to reduce potential morbidity for hundreds of infants annually.33,34
Statement of Purpose
The purpose of this study was to report the results of and to evaluate problems with
our screening program to detect CCHD in newborns. We sought to review existing
literature and contribute additional data to the ongoing evaluation of our current screening
protocol.

6
Specific Aims:
1.

To report the results of the YNHH screening program, including the sensitivity and
specificity of the POxS algorithm for CCHD lesions.

2.

To describe issues with implementation of POxS at YNHH hospitals including
number of infants not screened, lack of follow-up of positive POx screens, early
and delayed screens, incorrect interpretation of POx results and inadequate
documentation of results.

3.

To review current literature regarding alternative algorithms, adaptations for
special populations and additional methods of screening.

4. To review societal implications of widespread POxS, such as cost-effectiveness,
psychosocial impacts and socioeconomic disparities.
Methods
The charts of infants delivered at Bridgeport Hospital, Greenwich Hospital, YNHH
York Street Campus and YNHH St. Raphael Campus between January 1 and December
31, 2014 were reviewed. Data was collected from the YNHH electronic medical record
system (EPIC®) with the assistance of the Yale New Haven Joint Data Analytics Team.
Demographic information collected for each infant included patient name, medical record
number, date of birth, gender, gestational age, birthweight, race, ethnicity, birth hospital
and hospital unit. In addition, information regarding the presence or absence of an
echocardiogram result, POxS data (result of screen, upper and lower extremity readings,
differentials saturation and age at screen) and patient clinical problem lists from the
electronic medical record were obtained. Individual patient charts were accessed on an as

7
needed basis for additional information. Liveborn infants who died before CCHD
screening was performed were excluded.
We reviewed POxS data for all infants, including timing of the screen, presence of
all data points, accuracy of interpretation and presence of appropriate follow-up, if
indicated. Early and late screening was defined as screens performed before 24 hours of
age or after 72 hours of age, respectively.18 The charts of infants with negative POxS results
were reviewed for any CCHD lesion diagnosed after hospital discharge. This was
performed through review of the electronic medical record clinical problem lists for any
cardiac lesion at the time of data collection, and again once all infants were greater than
one year of age. In addition, we followed up infants to determine who remained in the Yale
New Haven Health electronic medical record system as evidenced by primary care,
subspecialty or emergency department visits in the first twelve months of life. Standard
descriptive statistics were reported. The false positive rate was calculated by dividing the
number of false positives by the number of negative samples (false positives plus true
negatives), or as 1-specificity. The study was approved by the Yale Human Investigation
Committee. The results of this study were published in 2017.35
Results
The characteristics of our study population are shown in Table 1. Eight live-born
infants who died before CCHD screening could be performed were excluded. Of 10,589
newborns, 171 (1.6%) had an echocardiogram before POxS, 10,320 (97.5%) were screened
by POx, and 98 (0.9%) did not undergo screening (Fig. 2). Of the 171 infants who received
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an echocardiogram prior to POxS, 40 (23.4%) did so due an abnormality detected on
prenatal ultrasound and 131 (76.6%) had an abnormal postnatal finding.
Thirteen newborns (0.1%) were diagnosed with CCHD, resulting in an incidence
of 1.2 per 1,000 infants in our population. All thirteen infants received an echocardiogram
due to either an abnormal prenatal ultrasound (n=11; 85%) or auscultation of a heart
murmur (n=2; 15%). The CCHD lesions of the 11 infants identified prenatally included
hypoplastic left heart syndrome (n=3), tetralogy of Fallot (n=2), dextro-transposition of the
great arteries (n=2), tricuspid atresia (n=1), double outlet right ventricle (n=2), and single
ventricle complex (n=1). One of the infants who received an echocardiogram due to a heart
murmur was evaluated prior to 24 hours of life and was found to have total anomalous
pulmonary venous return. The other infant had a negative POxS result in the NICU on day
of life 10, however a murmur was auscultated on day 13. A subsequent echocardiogram

Figure 2: Results of the YNHH CCHD screening program.
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revealed CoA. For this newborn, although there was not an oxygen gradient on POxS (99%
preductal and 100% postductal), the infant was noted to have decreased femoral pulses on
physical examination and a >30 mmHg systolic blood pressure gradient (right upper
extremity: 99/49; left upper extremity: 85/54; left lower extremity: 67/44; and right lower
extremity: 63/42). Pediatric Cardiology believed this to be a critical cardiac lesion because
the newborn required prostaglandin and, in the absence of early detection, could have
presented in cardiogenic shock. The infant received surgical repair of the CoA at one month
of life.
No infants with CCHD in our study were identified through POxS alone. Of 10,320
infants screened only by POx, only four infants (0.04%) had positive POxS results. All
four of these infants were found to have non-critical CHD lesions on echocardiogram
(Table 2), and subsequently had outpatient follow-up with pediatric cardiology.
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Only 98 infants (0.9%) did not have CCHD screening documented before hospital
discharge. Of these, 96 were not screened in error and two were not screened due to parent
refusal. Seventy-five (78.1%) of the infants who were not screened in error were born at
one of the community hospitals, with all but one (98.7%) occurring in the first eight months
of 2014. Despite being unaware of the missed screens at the time, a documentation change
made in the nursery of this hospital in September resulted in only one infant being missed
for the remainder of the year. The other 21 infants (21.8%) who were missed were evenly
distributed among the three hospitals. The demographics of the missed infants were not
different than the overall study population.
Both cases of declined POxS were associated with refusal of the Hepatitis B vaccine
by parents. One infant was an extremely preterm (gestational age <28 weeks) NonHispanic Black or African American female born at the main academic hospital. This
infant’s parents refused two-month vaccines while in the NICU as well. The other infant
was a full-term Non-Hispanic White female born at a community hospital, whose parents
also refused newborn metabolic screening and Vitamin K administration.
Of 10,316 infants with negative POxS at the time of birth, we reviewed post
discharge records of 52.1% (n=5,367). None of these infants had evidence of CCHD at the
time of record review. Six infants had died, and diagnosis at time of death was sudden
unexpected infant death (n=4), complications from Otohara syndrome (n=1), and
complications from spinal muscular atrophy type 1 (n=1). The infant with spinal muscular
atrophy type 1 had a normal echocardiogram.
Of the 10,320 infants who underwent screening, 9,799 (94.9%) were screened
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within the recommended window of 24 and 72 hours. Of the 521 infants (5.1%) who were
screened outside of this window, 389 (74.7%) represented delayed screens (after 72 hours
of life) and 132 (25.3%) were early screens (prior to 24 hours of life). The majority of
infants with POxS completed after 72 hours of age had been admitted to the NICU (94.1%).
The median age at screening for infants with delayed screens was 7 days, with a maximum
of 104 days.
Incorrect interpretation of results (eg, screening results classified as normal when
abnormal or vice versa) were uncommon (0.1%). Of 10,320 infants screened by POx, 6.5%
(n=635) did not have all components of minimum documentation required in the YNHH
protocol.
Discussion
More than 99% of newborns at our four hospitals were successfully screened for
CCHD. Most CCHD lesions in our study population were detected prenatally, and no
CCHD lesions were detected by POxS alone. The incidence of CCHD (1.2 per 1,000) is
similar to that seen in other studies.1,2
False Positive Screens
Only 4 infants had positive POxS results, and all were found to have non-critical
CHD lesions (Table 2). The rate of false positive results (0.04%) is similar to the falsepositive rate of 0.05% reported in newborns screened after 24 hours of life,26 which is when
screening was performed in our program. Screening after 24 hours has been widely
accepted in the United States to limit false positive results associated with earlier screening,
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thereby limiting the number of unnecessary echocardiograms and preventing undue burden
on clinical referral staff.36-38 However, this must be balanced with the risk of infants with
CCHD becoming symptomatic prior to screening.34,39 Given our low rate of previously
undiagnosed infants with CCHD, only one infant in our study group was symptomatic with
a murmur prior to POxS. In larger studies, however, half of previously unidentified infants
with CCHD were found to exhibit symptoms before 24 hours of life, with 10% presenting
in acute cardiovascular collapse.7,30
Although none of the infants with a positive POxS had CCHD in our study, all 4
did have CHD. There are potential benefits of POxS in early identification of non-critical
yet clinically important lesions such as septal defects, allowing for appropriate referral and
follow-up. In addition, it should be noted that all false positive screens represent infants
with low oxygen saturations that warrant further evaluation.33 Previous studies have shown
that 27-67% of false positive screens were due to other significant pathology, allowing for
early diagnosis and intervention of clinically relevant conditions such as pneumonia,
pulmonary hypertension and sepsis.37,40-43 Widespread surveillance and reporting of both
non-critical CHD lesions and serious non-cardiac conditions detected by POxS will provide
additional information that may expand the list of conditions targeted by POxS.44,45
Alternatives to the AAP Pulse Oximetry Algorithm
Two alternatives to the AAP-endorsed algorithm for POxS have been proposed,
with the intent of optimizing sensitivity and/or efficiency for screening in full term
newborns. The New Jersey Department of Health POxS algorithm (Fig. 4) requires an
oxygen saturation >95% in both the right hand and one foot and a <3% difference between
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the two extremities to pass with first measurement.15 This is a higher threshold than the
AAP algorithm, where a >95% saturation in either the right hand or one foot is accepted to
fulfill the criteria.5 With this slight modification, the New Jersey algorithm proceeds
similarly to the AAP with regards to borderline and failed screens.15 The New Jersey
protocol has been shown to have higher sensitivity for detecting CCHD lesions, but also a
higher rate of false positive screens.46
Tennessee has recently proposed a new staged approach that would first test a POx
reading at a postductal site (one foot), and only proceed to a preductal reading if the result

Figure 4: New Jersey Department of Health POxS Algorithm15
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is indeterminate.47 Per the Tennessee Algorithm (Fig. 5), an oxygen saturation in the foot
³97% is considered a pass, and a reading <90% is considered a fail. If the reading is 9096%, the right hand is then tested and the infant would default to the AAP algorithm.47
Previous studies have questioned the benefit of measuring preductal saturation reading,
suggesting that a postductal reading alone may be sufficient.22 Physiologically, the
postductal site would be expected to have a lower saturation than the preductal site in nearly
all cases. The one exception is transposition of the great arteries, where a reversal of
saturations (postductal > preductal) could be seen. Though rare, there have been reported
cases of transposition associated with unexpectedly high postductal saturations (96-97%)
sufficient to affect the sensitivity of the screen.22,37,40 When compared to the AAP and New
Jersey algorithms, it has been shown that the proposed Tennessee modifications resulted
in the lowest sensitivity, but also the lowest false positive rate.46

Figure 5: Tennessee Modified POxS Algorithm47
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Additional Methods of Screening: Blood Pressure Differentials
The infant in our study who was diagnosed with CoA after a negative POxS result
is an important reminder of the limitations of POxS for certain CCHD lesions, particularly
those deemed secondary targets of the screen. CoA, a narrowing of the descending aorta
near the insertion of the ductus arteriosus distal to the left subclavian artery, results in a
limitation of blood flow to the lower extremities. Patients with CoA have a variable
presentation dependent on the location of narrowing, severity of flow limitation and
patency of the ductus arteriosus. Lower extremity hypoxemia may be seen with severe
preductal coarctation, where the only flow to the lower extremities originates from the
pulmonary artery through the ductus arteriosus. However, in less severe cases or those
where the narrowing occurs at or after the insertion of the ductus, limitation of flow does
not necessarily correlate with reduced oxygen saturations. This inconsistent association
with hypoxemia results in low sensitivity of POxS for these lesions.
A study by Schultz et al. found that over 90% of cases of significant physiologic
compromise deemed to be potentially preventable by earlier diagnosis were due to aortic
arch obstruction; the authors argue that any viable screening strategy must be sensitive for
such lesions.48 Two methods have been proposed as complements to POxS to in an attempt
to increase the sensitivity for lesions such as CoA and interrupted aortic arch, including
screening for differential blood pressure or and the measurement of peripheral perfusion
indices.
Upper-to-lower extremity blood pressure differentials have widely been used as a
useful diagnostic tool for CoA in older children, and was shown to be more reliable than
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absent or decreased lower extremity pulses.49 Despite this, the utility as a screening method
for aortic arch abnormalities in infants was previously unclear.50 Patankar et al. performed
a retrospective case-control study comparing four extremity blood pressure measurements
in infants upon admission to the NICU.50 Similar to our infant with CoA, a significant
upper extremity to lower extremity blood pressure differential did exist at birth in cases
subsequently diagnosed with aortic arch anomalies. However there was significant overlap
with controls, resulting in low specificity.50
Boelke et al. investigated the utility of pre and postductal blood pressure
measurements in addition to POxS for the detection of CoA in infants.51 A blood pressure
gradient of >15 mmHg was repeated in two hours, and if persisted, the infant was referred
for evaluation. During the study period, no infants with CCHD were identified through
blood pressure or POxS, and abnormal blood pressure measurements were responsible for
the majority of improperly completed screenings, repeat screening and false-positive
screening. The addition of blood pressure measurements was found to increase the falsepositive rate to 0.13% from 0.01% with POxS alone.51 This is consistent with previous
studies showing a wide variability in blood pressures between extremities in healthy
neonates, up to 20 mmHg.52 Given the difficulty of obtaining accurate blood pressure
measurements in neonates, the high false positive rates and smaller target population, blood
pressure readings appear to lack utility as a widespread screening tool.51
Additional Methods of Screening: Peripheral Perfusion Index
The measurement of the peripheral perfusion index (PPI) in addition to POxS was
proposed as a method to increase the sensitivity for detection of not only aortic arch
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anomalies, but also other left ventricular outflow obstructive defects such as critical aortic
stenosis and hypoplastic left heart.53,54 PPI is a measurement of the relative amount of
arterial perfusion, reflecting real-time changes in peripheral blood flow.54 This
measurement is derived from a pulse oximeter and is calculated as the ratio of the pulsatile
to non-pulsatile component of infrared light reaching the sensor.55 As measured, the PPI
would be expected to be decreased in left heart obstructive lesions, as well as other causes
of systemic hypoperfusion such as sepsis.54 Given that the PPI is derived from the pulse
oximeter already used for POxS, its use would not expected to additionally burden the
clinical staff responsible for performing newborn screening.53
A prospective case-control study in Sweden measured pre and postductal PPI of
10,000 newborns, including nine with left heart obstructive defects.54 This study
established that a PPI value below 0.70 (<5th percentile) indicates potential left heart
obstruction (OR 23.75), and that a value less than 0.50 (<1st percentile) indicates definite
hypoperfusion.54 Of the nine infants with left heart obstructive defects, five had PPI below
0.70, and all had measurements below the inter-quartile range (<1.00). Two of the infants
with abnormal PPI, who were subsequently diagnosed with CoA and hypoplastic left heart
syndrome, respectively, had been unrecognized following physical exam and POxS.54 As
a result, the addition of PPI to routine screening practices in this study increased the
detection rate from 77.8% to 100%.54
A more recent investigation by Schena et al. of over 40,000 infants in Italy showed
less promising results, despite using a higher PPI cutoff (<0.9) expected to increase
sensitivity.53 Though the addition of PPI resulted in the detection of one additional case of
CoA that had been missed by physical exam and POxS, two cases went undiagnosed prior
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to discharge. Their false positive rate was found to be 0.27%, which is higher than is
commonly seen with our current POxS algorithm.26,53
The addition of PPI to POxS has the potential to increased detection rates for left
heart obstructive lesions, but may lead to an increased number of false positive screening
results given the wide distribution of PPI in the normal newborn population and variation
with factors such as skin temperature.53,54,56 As our infant with CoA was noted to have
decreased femoral pulses on exam, we postulate that this infant would have benefited from
PPI screening. However, further investigations of PPI would need to be undertaken to
establish an optimal screening algorithm prior to its widespread incorporation into current
screening practices.
Clinicians must continue to maintain a high index of suspicion for lesions such as
CoA that have been shown to have low detection rates by POxS, and are also the most
likely to be missed by prenatal ultrasound and newborn exam.7,14,20,57,58 Even with the
addition of further methods of screening such as PPI, cases of CCHD can still be missed.53
This reinforces that, unfortunately, no current method of screening can reduce the
diagnostic gap completely to ensure that all infants are diagnosed prior to discharge from
the hospital.39
Implementation of POxS
For the majority of infants who underwent POxS in our study, screening was
completed as recommended with few missed screens and appropriate follow-up of positive
screens. In most instances, all components of POxS results (age at time of screening
[hours], pre- and postductal oxygen saturation [%], interpretation of the result [positive;
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negative; borderline, repeat in 1 hour], and follow-up of any positive or borderline result)
were documented. Though not directly assessed in our study, POxS has previously been
shown as posing minimal additional burden to nursing staff, requiring an average of 5.5-9
minutes per infant.45,59-61
Despite the success of our screening program at YNHH, providers should be aware
that POxS presents clinical challenges in its implementation. Unlike metabolic newborn
screening performed through a dried blood spot, POxS screening requires a medical
professional not only to perform the test, but also to correctly interpret and document the
results.44,45,62 Reporting the results of POxS in a useful format for clinicians is more
complex than those of hearing or metabolic screening. It is important that oxygen
saturations are recorded and interpreted correctly, as the results have the potential to affect
immediate clinical decision making. Though misinterpretation of the algorithm was
uncommon, it did occur, reinforcing the need for thorough training of screening staff.
Others have proposed quality improvement measures such as an automated alert in the
electronic medical record for saturation values outside of the protocol threshold to reduce
misinterpretation.45 Unlike screening for congenital hearing loss, for which evaluation can
be delayed weeks without significant long term consequence, newborns with a positive
CCHD screen require immediate evaluation by a pediatric cardiologist.44
Screening in Special Populations: Neonatal ICU
The AAP POxS algorithm was originally designed for screening of full-term infants
in the well-baby nursery. This has resulted in uncertainty regarding the expansion of POxS
to the estimated 8-12% of infants admitted to the NICU annually, particularly for premature

21
infants and/or those with supplemental oxygen requirements.19,63 Whereas low-risk infants
in the newborn nursery, with their shorter hospital stays and less intensive evaluations,
have been shown to benefit from POxS, the incremental benefit of CCHD screening in the
NICU is unclear. Some have argued that standard-of-care monitoring of infants in the
NICU is often sufficient to exclude or confirm CCHD given the extended stay, frequent
physical exams and continuous pulse oximetry.28,44,64 In addition, many of these infants
receive additional investigations such as chest x-rays and echocardiograms during their
stay, the sum of which would be expected to alert providers to the presence of a CCHD
lesion.28 Given this, the target population of otherwise undiagnosed NICU infants with
CCHD is likely very small, resulting in a much larger number needed to screen than infants
in the well nursery.28 The actual true positive rate of screening in the NICU is not known
at this time, nor is the cost per additional infant detected.19
Despite those who argue that screening in the NICU is of little benefit, concerns
have been expressed about this generalization leading to missed opportunities for early
detection given different levels of NICU care and the large number of infants who
approximate the well newborn population.24,63 Van Naarden et al. found that nearly half of
the infants in their NICU population were demographically similar to the well-baby
population (>2500 g, >37 weeks) and that >70% were not on oxygen at 24 hours,
suggesting that standard screening may be of benefit.24 In addition, particular
circumstances have been noted where infants could be missed despite routine NICU
monitoring: infants without a fetal or postnatal echocardiogram, infants for whom an
echocardiogram is obtained for the evaluation of a patent ductus arteriosus but not all
structural malformations, or infants with low oxygen saturations limited to a limb where
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the pulse oximeter is not placed.28
The current algorithm, including cutoff parameters and optimal screening window,
was developed in reference to full term neonatal physiology.13 While we did not find any
false positives amongst our NICU infants, other studies have shown that screening preterm
infants <35 weeks gestation results in more positive screens in infants without critical
cardiac disease, and that this false positive rate is often directly correlated with the degree
of prematurity.23,24 Though it has been estimated that up to one-third of infants receive
echocardiography in the NICU for other reasons,19,65,66 a significantly increased false
positive rate like that found by Hu et al. would result in hundreds of unnecessary
echocardiograms, cardiologist consultations and heightened parental anxiety.23,67
Given that the POxS is based on the measurement of blood oxygen saturations, it
is standard practice to only screen infants on room air. For infants receiving supplemental
oxygen, there is thought to be an increased risk of both false negative screens, due to
oxygen therapy masking low saturations, and false positive screens, with infants requiring
oxygen for non-cardiac disease.28 The vast majority of screens performed after 72 hours of
life in our study occurred in infants who had been admitted to the NICU, likely due to the
high rates of supplemental oxygen requirements among these infants and the need to wean
prior to screening. Goetz et al. found similar results in their NICU population, with 67.4%
of infants with delayed screens due to oxygen requirements, and many being screened after
CCHD would have been expected to be symptomatic.64 With current screening practices,
it has been thought reasonable to obtain an echocardiogram (if one has not previously been
done) for infants being discharged home from the NICU on oxygen.66
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For infants receiving supplemental oxygen, a two-staged screening protocol has
been proposed (Fig. 6)24 to increase early detection while minimizing false positive results.
This modified algorithm includes an initial screen while on oxygen during the AAP
recommended window, with a second screen being performed after weaning to room air.24
An additional modification included categorizing infants with saturations <95% but a
differential saturation <4% as “conditional passes”, and only rescreening for a differential
of >4%. Using this modified algorithm, 2.1% of infants receiving supplemental oxygen
failed the screen, compared to 25.9% had these infants been screened with the standard
algorithm. However, in this study, no additional infants with CCHD were identified due to
the screen and all of the failed screens represented false positives. Despite the reduction

Figure 6: Multi-staged Algorithm for Screening of NICU Infants24
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achieved using the modified algorithm, this false positive rate for infants on oxygen is still
significantly higher than was seen with infants on room air (0.5%).24 When the infants were
screened immediately after weaning from oxygen, the false positive rate was similar to
those infants on room air (0.6%),24 however the utility of delayed screens for early
detection of CCHD at this time is unclear. It is worth noting that all infants with CCHD in
this study, including those not identified prenatally, were symptomatic prior to screening
with either desaturations, tachypnea and/or an audible murmur.24
Due to the legislation passed in Connecticut, all newborns are screened for CCHD
prior to discharge regardless of clinical status during the recommended screening
window.17 In other states, however, the lack of specification of the current AAP algorithm
for NICU populations and the concerns of high false positive rates have led to wide
variations in screening practices among hospitals.24,28,44 Further investigation of POxS for
infants in the NICU will involve the determination of an optimal screening protocol that
would optimize early detection while minimizing the false positive rate.
Screening in Special Populations: High Altitude
The AAP and others have long recognized the need for adaptation of the POxS
protocol for use at elevation, with the concern that use of the current saturation cutoffs
would negatively affect the specificity and result in excessive and unnecessary
interventions.5,18,68,69 In addition to typical high-altitude hypoxia seen in children and
adults, two other mechanism are thought to contribute to lower saturations observed in
newborns at elevation. The lower atmospheric pressure of oxygen is thought to lead to a
delay in the normal transition from fetal to newborn circulation through persistently
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increased pulmonary vascular resistance, leading to more right to left shunting at the level
of the ductus arteriosus and foramen ovale.25,70 This may be compounded by limited
respirations following birth due to the delayed maturation of the respiratory center.70 As a
result, healthy infants born at elevation >1500 m have lower systemic oxygen saturations
compared to infants at sea level, with mean pulse oximetry readings ranging 91-96%.68,7174

Contrastingly, two studies concluded that POxS is reasonable at mild altitude (<800 m)

with minimal variation in oxygen saturations compared to sea level.75,76
Wright et al. were among the first to publish the results of a screening program
above 1500 m at their site in Aurora, Colorado.25 As expected, the authors found an
elevated false positive rate (0.75-1.1%) with the standard algorithm, with the true rate
possibly being as high as 2.7% when accounting for incomplete screens.25,77 The group in
Colorado has proposed two alternatives to the AAP screening algorithm, adapted for use
at elevation. In the first algorithm (Fig. 7), any infant with saturations <85% is classified
as having failed, as are infants with saturations <90% or a differential >3% that persisted
after three screenings. This lower threshold is thought to prevent false positives in normal
newborns at altitude, though no data has been published regarding its sensitivity and
specificity.25 A subsequent proposed algorithm involved placing ‘borderline’ infants (those
with saturations between 86-94% or >3% difference) in an oxygen hood designed to
replicate sea level atmospheric oxygen tension to accelerate neonatal transition, then
testing up to two additional times using the standard AAP protocol.77 The use of this second
algorithm resulted in a failure rate of 0.3%, which is more comparable to that found at sea
level.77 Though these results may be promising, further investigations will need to be
undertaken before any alternative practice can be widespread.
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Figure 7: Modified Algorithm for Screening at Elevation25

Screening in Special Populations: Low Resource Settings
Due to a high percentage of antenatal detection in our tertiary care academic center
(85%), POxS may not lead to a substantial increase in the early identification of CCHD in
our population. However, broad geographic and hospital-level variation has been
documented for both rates of prenatal diagnosis and timely detection.78,79 As a result, the
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impact of CCHD screening may be more pronounced in community hospitals or other
settings in which the rates of antenatal detection by ultrasound is relatively low.26,27,39,59,80
Within the United States, POx has been successfully used in the evaluation of infants in
states such as Wisconsin, Washington and Minnesota with lower rates of prenatal
ultrasound and higher rates of births outside of specialty centers, including out-of-hospital
births.41,45,81,82
Narayen et al. proposed an alternative screening protocol for use in planned out-ofhospital births, in an attempt to accommodate time constraints of community based
midwives in the Netherlands.83 This adapted protocol implements an initial POx
measurement on soon after birth with a second screen at the first follow-up appointment
on day two or three of life, and was shown to have a modestly increased false positive rate
(1.0%).43,83 Given that infants born at home do not receive the same level of routine
monitoring immediately after birth, implementation of POxS in homebirths has the
potential to increase safety through the detection of not only CCHD, but also non-critical
CHD and other non-cardiac pathology.43,83 In addition, this protocol could be adapted for
use in early hospital discharges (before 24 hours of life). Despite the potential benefits,
there is limited evidence of the efficacy of the proposed protocol and further investigations
will need to be carried out before this variation could become standard practice.
There are significant barriers that exist to implementation of POxS in lower
resource settings, including obtaining portable pulse oximetry equipment and training of
community practitioners in POxS technique and interpretation.82,83 The logistics of
appropriate follow up for infants with positive screens presents an additional challenge,
including neonatal echocardiographers and pediatric cardiology staff for advanced
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diagnosis and management. In addition, access to basic but time sensitive resources, such
as prostaglandin for acute stabilization through maintenance of pulmonary blood flow in
ductal dependent lesions, can often times be limited at local and regional hospitals.45,82,83
A study from Washington state showed that as long as initial stabilization is performed in
a timely manner, birth hospital location and need for transport to a tertiary care center does
not affect mortality from CCHD, reinforcing the importance of early recognition and
intervention.81 An additional ethical dilemma presented when considering the use of POxS
outside of the United States is the availability of palliative or corrective surgery, since
pediatric cardiothoracic surgeons, anesthesiologists and intensive care may not be widely
available in developing countries.84 Thus, if communities are able to ensure practitioner
access to prostaglandin, it is reasonable to conclude that increased early detection of ductaldependent cardiac lesions through the successful implementation of POxS could improve
neonatal mortality from CCHD in communities within the United States. However,
improved infrastructure is likely required before a similar effect could be seen in certain
lower resource countries.
Cost-effectiveness of POxS
Based on current data available, CCHD screening in the United States has been
widely accepted as cost-effective.32,60 The total average cost of POxS has been estimated
at $6.28-$14.19 per newborn factoring in the cost of equipment, labor and further
investigations for positive screens.32,60 Although there have been concerns about the rates
of false positive screening results, the cost of unnecessary echocardiograms in these infants
has been shown to have a minimal impact on overall cost.32 Peterson et al. calculated based
on the Florida Birth Defects Registry that among infants with CCHD, those whose defects
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were detected after hospital discharge spent an average of 18% more days hospitalized
during the first year of life than those who were with timely diagnoses.32 The cost
associated with these additional days of inpatient care could potentially be negated by
widespread screening.
In their paper, Mouledoux et al. states that the Tennessee two stage approach (Fig.
5, pg. 13), which involves an initial postductal-only reading with default to the AAP
algorithm if indeterminate, is more efficient than the currently established practice in terms
of cost and time to perform the screen. Using previous cost estimates, the authors argued
that this alternate algorithm would eliminate up to 3.8 million unnecessary pulse oximetry
readings each year and amount to a savings of approximately six million dollars.32,47 The
authors did note, however, that the upfront cost associated with retraining staff with the
new algorithm nationwide may negate these savings.47
Overall, the currently established practice has been deemed to be cost-effective on
a national level. It should be noted, however, that these studies were conducted regarding
full term well newborns. No population level evidence currently exists regarding the
additional cost burden of false positives associated with screening of infants born preterm
or at high altitude. Despite the large number of states that have active legislation or are
undergoing trials of CCHD screening (48 as of 2016, see Fig 8),85,86 there has been
difficulty accumulating screening data due to a lack of standardized collection or
analysis.11,85,87 Though the AAP-endorsed algorithm is the nationally recognized standard,
this algorithm is not used exclusively across screening programs,13,18 complicating a
comprehensive surveillance program that would likely be required for ongoing quality
improvement and algorithm adaptation. Ideally, centralized data collection would include
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Figure 8: CCHD Screening Map47
not only immediate screening and results of false positive screens, but also follow-up for
false negative screens and for the assessment of long-term outcomes.88,80 In addition, it will
be important to continue to reassess the cost effectiveness of screening in different
hospitals, such as those with different methods of implementation or rates antenatal
detection of CCHD.32
Psychosocial Impact of False Positives
Though less of a concern when screening well newborns due to the high specificity,
there exists a potential negative psychosocial impact of the large number of additional false
positives in screening infants in the NICU or at high altitude.25 Though studies have shown
a heightened parental stress levels associated with false positive metabolic screening
results,89-91 the data that currently exist regarding parental responses to false positive results
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in CCHD screening suggest minimal additional anxiety.92 This study was conducted at a
large academic center in the United Kingdom, however, and may not take into account the
potential delay associated with obtaining a confirmatory echocardiogram (for example, if
a transfer of hospitals is required). In this situation, similar levels of distress may be
expected to those seen in parents awaiting confirmatory testing for infants suspected of
having cystic fibrosis.93 When developing an optimal screening protocol for these special
populations, psychosocial impact on parents should be considered with an increased
number of false positive screens, in addition to concerns regarding increased cost and staff
burden.
Socioeconomic Disparities
Consistent with the low opt-out rate seen in our study, it has been shown that POxS
has been widely accepted by parents, who generally recognize POxS as an important test
to detect ill infants.38,62,92,94 In our population, refusal of CCHD screening by parents
appears to be more associated with refusal of other standard-of-care medical practices, such
as vaccine administration and metabolic screening, than with race, ethnicity or
socioeconomic status. Despite this, Powell et al. showed significant disparities in refusal
rates among ethnic groups, with Black/African mothers declining 4.5 times more often than
White mothers.92 This study also revealed that non-White mothers were significantly more
anxious and less satisfied regarding the test.92 Though the reasons for this are unclear,
identification of factors leading to differences in participation and satisfaction among
ethnic groups would allow staff is better able to educate and support these parents.92
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Though an association between ethnicity, delayed diagnosis and increased
mortality has been shown in other countries,95 it is unclear how much delayed diagnosis is
contributing to these disparities within the United States. Prenatal detection rates are
thought to be lower among infants born to Black or Hispanic women,78,96 but no significant
differences have been found in age at first postnatal echocardiography or age at referral to
pediatric cardiac care.97,98 Nevertheless, previous studies have shown a significant
difference in early childhood mortality from certain CCHD lesions among different racial
groups, with increased risk of death in Hispanic and non-Hispanic black children when
compared to non-Hispanic whites.97,99-101 It has been suggested that this difference in
mortality could be related to a number of other factors, including differences in defect
severity, home care and non-cardiac causes of death.100 Though POxS has the potential to
increase early diagnosis in populations with lower rates of prenatal screening, no studies
exist to support or refute whether significant decreases in the mortality gap among ethnic
groups could be attainable through POxS. As more data on the results of screening becomes
available at a population level, further research should be conducted to investigate the
acceptability and impact, if any, of POxS among ethnic groups within the Unites States
since its widespread implementation.
Limitations
There are some limitations to our study. We were able to conduct longer-term
follow-up to see if CCHD was detected in any of the infants in only approximately half of
the newborns, as many did not have records of subsequent visits in the YNHH system
through one year of age. The possibility exists that an infant with a false negative screen
was diagnosed with CCHD and treated outside of our hospital system. However, it is likely
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that most would have returned to our hospital system if CCHD had been diagnosed, given
that many of whom would be seeing their own pediatricians in the immediate area. Of six
infants who died, four deaths were due to sudden unexpected infant death. In discussions
with physicians directly involved with these four cases, the deaths were all attributed to
unsafe sleep conditions. Given that this was a retrospective study, the type of pulse
oximeter used was not standardized, and it is unknown whether the manufacturer and
model used were consistent between hospitals and units. Demographic markers of
socioeconomic status such as insurance type were not collected; this information could
have assisted in the further characterization of our study population. The number of infants
screened in the one-year time period over which data was collected may have been
insufficient to detect a noticeable effect. Given that more time has passed since the statewide initiation of CCHD screening in Connecticut, additional studies could be conducted
to further investigate the impact.
Conclusions
We successfully implemented CCHD screening in our large tertiary care hospital
system in response to legislation enacted by the state of Connecticut. Although no infants
with previously unrecognized CCHD were detected in our four YNHH hospitals during the
study time period, recent data has shown that the enactment of mandatory screening is
associated with a significant decreased rate of infant deaths from CHD, suggesting that
infants in other states could benefit from such policies. Though a substantial amount of
research exists on the use of POx as a beneficial screening tool, many questions remain
unanswered regarding optimal implementation with the ultimate goal of increasing early
detection of CCHD.

34
References
1.
Pradat P, Francannet C, Harris JA, Robert E. The epidemiology of cardiovascular
defects, part I: a study based on data from three large registries of congenital
malformations. Pediatric cardiology 2003;24:195-221.
2.
Wren C, Reinhardt Z, Khawaja K. Twenty-year trends in diagnosis of lifethreatening neonatal cardiovascular malformations. Archives of disease in childhood
Fetal and neonatal edition 2008;93:F33-5.
3.
Bjornard K, Riehle-Colarusso T, Gilboa SM, Correa A. Patterns in the prevalence
of congenital heart defects, metropolitan Atlanta, 1978 to 2005. Birth defects research
Part A, Clinical and molecular teratology 2013;97:87-94.
4.
Botto LD, Correa A, Erickson JD. Racial and temporal variations in the
prevalence of heart defects. Pediatrics 2001;107:E32.
5.
Mahle WT, Newburger JW, Matherne GP, et al. Role of pulse oximetry in
examining newborns for congenital heart disease: a scientific statement from the AHA
and AAP. Pediatrics 2009;124:823-36.
6.
Johnson LC, Lieberman E, O'Leary E, Geggel RL. Prenatal and newborn
screening for critical congenital heart disease: findings from a nursery. Pediatrics
2014;134:916-22.
7.
de-Wahl Granelli A, Wennergren M, Sandberg K, et al. Impact of pulse oximetry
screening on the detection of duct dependent congenital heart disease: a Swedish
prospective screening study in 39,821 newborns. BMJ (Clinical research ed)
2009;338:a3037.
8.
Peterson C, Ailes E, Riehle-Colarusso T, et al. Late detection of critical
congenital heart disease among US infants: estimation of the potential impact of proposed
universal screening using pulse oximetry. JAMA pediatrics 2014;168:361-70.
9.
Peterson C, Dawson A, Grosse SD, et al. Hospitalizations, costs, and mortality
among infants with critical congenital heart disease: how important is timely detection?
Birth defects research Part A, Clinical and molecular teratology 2013;97:664-72.
10.
Liberman RF, Getz KD, Lin AE, et al. Delayed diagnosis of critical congenital
heart defects: trends and associated factors. Pediatrics 2014;134:e373-81.
11.
Govindaswami B, Jegatheesan P, Song D. Oxygen Saturation Screening for
Critical Congenital Heart Disease. NeoReviews2012:724-31.
12.
Ng B, Hokanson J. Missed congenital heart disease in neonates. Congenital heart
disease 2010;5:292-6.
13.
Mahle WT, Martin GR, Beekman RH, 3rd, Morrow WR. Endorsement of Health
and Human Services recommendation for pulse oximetry screening for critical congenital
heart disease. Pediatrics 2012;129:190-2.
14.
de Wahl Granelli A, Mellander M, Sunnegardh J, Sandberg K, Ostman-Smith I.
Screening for duct-dependant congenital heart disease with pulse oximetry: a critical
evaluation of strategies to maximize sensitivity. Acta paediatrica (Oslo, Norway : 1992)
2005;94:1590-6.
15.
Garg LF, Van Naarden Braun K, Knapp MM, et al. Results from the New Jersey
statewide critical congenital heart defects screening program. Pediatrics 2013;132:e31423.

35
16.
Sebelius K. Response adopting recommendation to add Critical Congenital Heart
Disease to the Recommended Uniform Screening Panel. In: Services HaH, ed.2011:4.
17.
Health SoCDoP. An Act Concerning Critical Congenital Heart Disease Screening
for Newborn Infants. Senate Bill no 56 Public Act no 12-13. 2012.
18.
Kemper AR, Mahle WT, Martin GR, et al. Strategies for implementing screening
for critical congenital heart disease. Pediatrics 2011;128:e1259-67.
19.
Manja V, Mathew B, Carrion V, Lakshminrusimha S. Critical congenital heart
disease screening by pulse oximetry in a neonatal intensive care unit. Journal of
perinatology : official journal of the California Perinatal Association 2015;35:67-71.
20.
Ailes EC, Gilboa SM, Honein MA, Oster ME. Estimated number of infants
detected and missed by critical congenital heart defect screening. Pediatrics
2015;135:1000-8.
21.
Thangaratinam S, Daniels J, Ewer AK, Zamora J, Khan KS. Accuracy of pulse
oximetry in screening for congenital heart disease in asymptomatic newborns: a
systematic review. Archives of disease in childhood Fetal and neonatal edition
2007;92:F176-80.
22.
Prudhoe S, Abu-Harb M, Richmond S, Wren C. Neonatal screening for critical
cardiovascular anomalies using pulse oximetry. Archives of disease in childhood Fetal
and neonatal edition 2013;98:F346-50.
23.
Hu XJ, Zhao QM, Ma XJ, et al. Pulse oximetry could significantly enhance the
early detection of critical congenital heart disease in neonatal intensive care units. Acta
paediatrica (Oslo, Norway : 1992) 2016;105:e499-e505.
24.
Van Naarden Braun K, Grazel R, Koppel R, et al. Evaluation of critical congenital
heart defects screening using pulse oximetry in the neonatal intensive care unit. Journal
of perinatology : official journal of the California Perinatal Association 2017;37:1117-23.
25.
Wright J, Kohn M, Niermeyer S, Rausch CM. Feasibility of critical congenital
heart disease newborn screening at moderate altitude. Pediatrics 2014;133:e561-9.
26.
Thangaratinam S, Brown K, Zamora J, Khan KS, Ewer AK. Pulse oximetry
screening for critical congenital heart defects in asymptomatic newborn babies: a
systematic review and meta-analysis. Lancet (London, England) 2012;379:2459-64.
27.
Zhao QM, Ma XJ, Ge XL, et al. Pulse oximetry with clinical assessment to screen
for congenital heart disease in neonates in China: a prospective study. Lancet (London,
England) 2014;384:747-54.
28.
Suresh GK. Pulse oximetry screening for critical congenital heart disease in
neonatal intensive care units. Journal of perinatology : official journal of the California
Perinatal Association 2013;33:586-8.
29.
Hu XJ, Ma XJ, Zhao QM, et al. Pulse Oximetry and Auscultation for Congenital
Heart Disease Detection. Pediatrics 2017;140.
30.
Riede FT, Worner C, Dahnert I, Mockel A, Kostelka M, Schneider P.
Effectiveness of neonatal pulse oximetry screening for detection of critical congenital
heart disease in daily clinical routine--results from a prospective multicenter study.
European journal of pediatrics 2010;169:975-81.
31.
Abouk R, Grosse SD, Ailes EC, Oster ME. Association of US State
Implementation of Newborn Screening Policies for Critical Congenital Heart Disease
With Early Infant Cardiac Deaths. Jama 2017;318:2111-8.

36
32.
Peterson C, Grosse SD, Oster ME, Olney RS, Cassell CH. Cost-effectiveness of
routine screening for critical congenital heart disease in US newborns. Pediatrics
2013;132:e595-603.
33.
Ewer AK. Review of pulse oximetry screening for critical congenital heart defects
in newborn infants. Current opinion in cardiology 2013;28:92-6.
34.
Ewer AK, Martin GR. Newborn Pulse Oximetry Screening: Which Algorithm Is
Best? Pediatrics 2016;138.
35.
Klausner R, Shapiro ED, Elder RW, Colson E, Loyal J. Evaluation of a Screening
Program to Detect Critical Congenital Heart Defects in Newborns. Hospital pediatrics
2017;7:214-8.
36.
Oster ME, Kochilas L. Screening for Critical Congenital Heart Disease. Clinics in
perinatology 2016;43:73-80.
37.
Ewer AK, Middleton LJ, Furmston AT, et al. Pulse oximetry screening for
congenital heart defects in newborn infants (PulseOx): a test accuracy study. Lancet
(London, England) 2011;378:785-94.
38.
Ewer AK, Furmston AT, Middleton LJ, et al. Pulse oximetry as a screening test
for congenital heart defects in newborn infants: a test accuracy study with evaluation of
acceptability and cost-effectiveness. Health technology assessment (Winchester,
England) 2012;16:v-xiii, 1-184.
39.
Narayen IC, Blom NA, Ewer AK, Vento M, Manzoni P, te Pas AB. Aspects of
pulse oximetry screening for critical congenital heart defects: when, how and why?
Archives of disease in childhood Fetal and neonatal edition 2016;101:F162-7.
40.
Meberg A, Brugmann-Pieper S, Due R, Jr., et al. First day of life pulse oximetry
screening to detect congenital heart defects. The Journal of pediatrics 2008;152:761-5.
41.
Lhost JJ, Goetz EM, Belling JD, van Roojen WM, Spicer G, Hokanson JS. Pulse
oximetry screening for critical congenital heart disease in planned out-of-hospital births.
The Journal of pediatrics 2014;165:485-9.
42.
Jawin V, Ang HL, Omar A, Thong MK. Beyond Critical Congenital Heart
Disease: Newborn Screening Using Pulse Oximetry for Neonatal Sepsis and Respiratory
Diseases in a Middle-Income Country. PloS one 2015;10:e0137580.
43.
Narayen IC, Blom NA, Bourgonje MS, et al. Pulse Oximetry Screening for
Critical Congenital Heart Disease after Home Birth and Early Discharge. The Journal of
pediatrics 2016;170:188-92.e1.
44.
Oster ME, Aucott SW, Glidewell J, et al. Lessons Learned From Newborn
Screening for Critical Congenital Heart Defects. Pediatrics 2016;137.
45.
Kochilas LK, Lohr JL, Bruhn E, et al. Implementation of critical congenital heart
disease screening in Minnesota. Pediatrics 2013;132:e587-94.
46.
Oster M, Caglayan C, Simeone R, Pinar, Ayer T. Optimizing the Screening
Algorithm for Critical Congenital Heart Disease: A Data-Driven Approach. Circulation:
American Heart Association; 2015.
47.
Mouledoux J, Guerra S, Ballweg J, Li Y, Walsh W. A novel, more efficient,
staged approach for critical congenital heart disease screening. Journal of perinatology :
official journal of the California Perinatal Association 2017;37:288-90.
48.
Schultz AH, Localio AR, Clark BJ, Ravishankar C, Videon N, Kimmel SE.
Epidemiologic features of the presentation of critical congenital heart disease:
implications for screening. Pediatrics 2008;121:751-7.

37
49.
Ing FF, Starc TJ, Griffiths SP, Gersony WM. Early diagnosis of coarctation of the
aorta in children: a continuing dilemma. Pediatrics 1996;98:378-82.
50.
Patankar N, Fernandes N, Kumar K, Manja V, Lakshminrusimha S. Does
measurement of four-limb blood pressures at birth improve detection of aortic arch
anomalies? Journal of perinatology : official journal of the California Perinatal
Association 2016;36:376-80.
51.
Boelke KL, Hokanson JS. Blood pressure screening for critical congenital heart
disease in neonates. Pediatric cardiology 2014;35:1349-55.
52.
Crossland DS, Furness JC, Abu-Harb M, Sadagopan SN, Wren C. Variability of
four limb blood pressure in normal neonates. Archives of disease in childhood Fetal and
neonatal edition 2004;89:F325-7.
53.
Schena F, Picciolli I, Agosti M, et al. Perfusion Index and Pulse Oximetry
Screening for Congenital Heart Defects. The Journal of pediatrics 2017;183:74-9.e1.
54.
Granelli A, Ostman-Smith I. Noninvasive peripheral perfusion index as a possible
tool for screening for critical left heart obstruction. Acta paediatrica (Oslo, Norway :
1992) 2007;96:1455-9.
55.
Lima A, Bakker J. Noninvasive monitoring of peripheral perfusion. Intensive care
medicine 2005;31:1316-26.
56.
Engel MS, Kochilas LK. Pulse oximetry screening: a review of diagnosing critical
congenital heart disease in newborns. Medical devices (Auckland, NZ) 2016;9:199-203.
57.
Mouledoux JH, Walsh WF. Evaluating the diagnostic gap: statewide incidence of
undiagnosed critical congenital heart disease before newborn screening with pulse
oximetry. Pediatric cardiology 2013;34:1680-6.
58.
Chew C, Halliday JL, Riley MM, Penny DJ. Population-based study of antenatal
detection of congenital heart disease by ultrasound examination. Ultrasound in obstetrics
& gynecology : the official journal of the International Society of Ultrasound in
Obstetrics and Gynecology 2007;29:619-24.
59.
Bradshaw EA, Cuzzi S, Kiernan SC, Nagel N, Becker JA, Martin GR. Feasibility
of implementing pulse oximetry screening for congenital heart disease in a community
hospital. Journal of perinatology : official journal of the California Perinatal Association
2012;32:710-5.
60.
Peterson C, Grosse SD, Glidewell J, et al. A public health economic assessment
of hospitals' cost to screen newborns for critical congenital heart disease. Public health
reports (Washington, DC : 1974) 2014;129:86-93.
61.
Rapid implementation of pulse oximetry newborn screening to detect critical
congenital heart defects - New Jersey, 2011. MMWR Morbidity and mortality weekly
report 2013;62:292-4.
62.
Hom LA, Martin GR. Newborn Critical Congenital Heart Disease Screening
Using Pulse Oximetry: Nursing Aspects. American journal of perinatology
2016;33:1072-5.
63.
Harrison W, Goodman D. Epidemiologic Trends in Neonatal Intensive Care,
2007-2012. JAMA pediatrics 2015;169:855-62.
64.
Goetz EM, Magnuson KM, Eickhoff JC, Porte MA, Hokanson JS. Pulse oximetry
screening for critical congenital heart disease in the neonatal intensive care unit. Journal
of perinatology : official journal of the California Perinatal Association 2016;36:52-6.

38
65.
Iyengar H, Kumar P. Pulse-oximetry screening to detect critical congenital heart
disease in the neonatal intensive care unit. Pediatric cardiology 2014;35:406-10.
66.
Lakshminrusimha S, Sambalingam D, Carrion V. Universal pulse oximetry screen
for critical congenital heart disease in the NICU. Journal of perinatology : official journal
of the California Perinatal Association 2014;34:343-4.
67.
Fernandes N, Lakshminrusimha S. The limitations of pulse oximetry for critical
congenital heart disease screening in the neonatal intensive care units. Acta paediatrica
(Oslo, Norway : 1992) 2017;106:1007.
68.
Ravert P, Detwiler TL, Dickinson JK. Mean oxygen saturation in well neonates at
altitudes between 4498 and 8150 feet. Advances in neonatal care : official journal of the
National Association of Neonatal Nurses 2011;11:412-7.
69.
Hoffman JI. Is Pulse Oximetry Useful for Screening Neonates for Critical
Congenital Heart Disease at High Altitudes? Pediatric cardiology 2016;37:812-7.
70.
Niermeyer S. Cardiopulmonary transition in the high altitude infant. High altitude
medicine & biology 2003;4:225-39.
71.
Salas AA. Pulse oximetry values in healthy term newborns at high altitude.
Annals of tropical paediatrics 2008;28:275-8.
72.
Gonzales GF, Salirrosas A. Arterial oxygen saturation in healthy newborns
delivered at term in Cerro de Pasco (4340 m) and Lima (150 m). Reproductive biology
and endocrinology : RB&E 2005;3:46.
73.
Bakr AF, Habib HS. Normal values of pulse oximetry in newborns at high
altitude. Journal of tropical pediatrics 2005;51:170-3.
74.
Thilo EH, Park-Moore B, Berman ER, Carson BS. Oxygen saturation by pulse
oximetry in healthy infants at an altitude of 1610 m (5280 ft). What is normal? American
journal of diseases of children (1960) 1991;145:1137-40.
75.
Han LM, Klewer SE, Blank KM, Seckeler MD, Barber BJ. Feasibility of pulse
oximetry screening for critical congenital heart disease at 2643-foot elevation. Pediatric
cardiology 2013;34:1803-7.
76.
Samuel TY, Bromiker R, Mimouni FB, et al. Newborn oxygen saturation at mild
altitude versus sea level: implications for neonatal screening for critical congenital heart
disease. Acta paediatrica (Oslo, Norway : 1992) 2013;102:379-84.
77.
Wright JT, Duster M, Russell LB, Sontag MK, Eller C, Rausch CM. A Novel
Approach to Critical Congenital Heart Disease (CCHD) Screening at Moderate Altitude.
Circulation; 2014.
78.
Ailes EC, Gilboa SM, Riehle-Colarusso T, et al. Prenatal diagnosis of
nonsyndromic congenital heart defects. Prenatal diagnosis 2014;34:214-22.
79.
Dawson AL, Cassell CH, Riehle-Colarusso T, et al. Factors associated with late
detection of critical congenital heart disease in newborns. Pediatrics 2013;132:e604-11.
80.
Olney RS, Ailes EC, Sontag MK. Detection of critical congenital heart defects:
Review of contributions from prenatal and newborn screening. Seminars in perinatology
2015;39:230-7.
81.
Bennett TD, Klein MB, Sorensen MD, De Roos AJ, Rivara FP. Influence of birth
hospital on outcomes of ductal-dependent cardiac lesions. Pediatrics 2010;126:1156-64.
82.
Evers PD, Vernon MM, Schultz AH. Critical congenital heart disease screening
practices among licensed midwives in washington state. Journal of midwifery & women's
health 2015;60:206-10.

39
83.
Narayen IC, Blom NA, Verhart MS, et al. Adapted protocol for pulse oximetry
screening for congenital heart defects in a country with homebirths. European journal of
pediatrics 2015;174:129-32.
84.
Saha A, Mathew JL, Chawla D, Kumar D. How useful is pulse oximetry for
screening of congenital heart disease in newborns? Indian Pediatr 2014;51:913-5.
85.
Grosse SD, Riehle-Colarusso T, Gaffney M, et al. CDC Grand Rounds: Newborn
Screening for Hearing Loss and Critical Congenital Heart Disease. MMWR Morbidity
and mortality weekly report 2017;66:888-90.
86.
CCHD Screening Map. Newborn Foundation, 2017. (Accessed November 30,
2017, at http://ww.newbornfoundation.org/cchd-screening-map.)
87.
Glidewell J, Olney RS, Hinton C, et al. State Legislation, Regulations, and
Hospital Guidelines for Newborn Screening for Critical Congenital Heart Defects United States, 2011-2014. MMWR Morbidity and mortality weekly report 2015;64:62530.
88.
Olney RS, Botto LD. Newborn screening for critical congenital heart disease:
essential public health roles for birth defects monitoring programs. Birth defects research
Part A, Clinical and molecular teratology 2012;94:965-9.
89.
Hayeems RZ, Miller FA, Barg CJ, et al. Parent Experience With False-Positive
Newborn Screening Results for Cystic Fibrosis. Pediatrics 2016;138.
90.
Tu WJ, He J, Chen H, Shi XD, Li Y. Psychological effects of false-positive
results in expanded newborn screening in China. PloS one 2012;7:e36235.
91.
Schmidt JL, Castellanos-Brown K, Childress S, et al. The impact of false-positive
newborn screening results on families: a qualitative study. Genetics in medicine : official
journal of the American College of Medical Genetics 2012;14:76-80.
92.
Powell R, Pattison HM, Bhoyar A, et al. Pulse oximetry screening for congenital
heart defects in newborn infants: an evaluation of acceptability to mothers. Archives of
disease in childhood Fetal and neonatal edition 2013;98:F59-63.
93.
Tluczek A, Koscik RL, Farrell PM, Rock MJ. Psychosocial risk associated with
newborn screening for cystic fibrosis: parents' experience while awaiting the sweat-test
appointment. Pediatrics 2005;115:1692-703.
94.
Narayen IC, Kaptein AA, Hogewoning JA, Blom NA, Te Pas AB. Maternal
acceptability of pulse oximetry screening at home after home birth or very early
discharge. European journal of pediatrics 2017;176:669-72.
95.
Castro F, Zuniga J, Higuera G, Carrion Donderis M, Gomez B, Motta J.
Indigenous Ethnicity and Low Maternal Education Are Associated with Delayed
Diagnosis and Mortality in Infants with Congenital Heart Defects in Panama. PloS one
2016;11:e0163168.
96.
Waller DK, Pujazon MA, Canfield MA, Scheuerle AE, Byrne JL. Frequency of
prenatal diagnosis of birth defects in Houston, Galveston and the Lower Rio Grande
Valley, Texas 1995. Fetal diagnosis and therapy 2000;15:348-54.
97.
Fixler DE, Nembhard WN, Salemi JL, Ethen MK, Canfield MA. Mortality in first
5 years in infants with functional single ventricle born in Texas, 1996 to 2003.
Circulation 2010;121:644-50.
98.
Fixler DE, Pastor P, Sigman E, Eifler CW. Ethnicity and socioeconomic status:
impact on the diagnosis of congenital heart disease. Journal of the American College of
Cardiology 1993;21:1722-6.

40
99.
Wang Y, Liu G, Druschel CM, Kirby RS. Maternal race/ethnicity and survival
experience of children with congenital heart disease. The Journal of pediatrics
2013;163:1437-42.e1-2.
100. Nembhard WN, Xu P, Ethen MK, Fixler DE, Salemi JL, Canfield MA.
Racial/ethnic disparities in timing of death during childhood among children with
congenital heart defects. Birth defects research Part A, Clinical and molecular teratology
2013;97:628-40.
101. Gilboa SM, Salemi JL, Nembhard WN, Fixler DE, Correa A. Mortality resulting
from congenital heart disease among children and adults in the United States, 1999 to
2006. Circulation 2010;122:2254-63.

